). On 5p15, no significant eQTLs were found. This study confirmed that chromosomes 15q25, 5p15 and 6p21 harbored susceptibility loci for lung cancer in French Canadians. Most importantly, this study suggests that the risk alleles at 15q25 and 6p21 may mediate their effect by regulating the mRNA expression levels of CHRNA5 and APOM in the lung.
Introduction
Lung cancer has an important heritable component (1) . Genome-wide association studies have identified three loci reproducibly associated with lung cancer (2) (3) (4) (5) (6) (7) (8) (9) (10) . The most strongly associated locus in populations of European descent is on chromosome 15q25, which is a region also associated with smoking behavior (11, 12) , nicotine addiction (3) and chronic obstructive pulmonary disease (13) . Six genes are located in this region including three nicotinic acetylcholine receptor subunits (CHRNA5, CHRNA3 and CHRNB4). It is still unknown whether genes located on 15q25 are causally involved in the pathogenesis of lung cancer or an effect mediated by changing smoking behavior. The lack of association between the 15q25 locus and lung cancer among never smokers (9, (14) (15) (16) (17) (18) (19) is consistent with genetic variants conferring risk of smoking-related lung diseases through their effects on tobacco addiction. In contrast, other evidences argue against this hypothesis showing significant effect of the 15q25 locus on smoking-related diseases after adjustment for smoking exposure (4, 20, 21) . Multiple distinct loci affecting both smoking behavior (11, 20) and lung cancer (8) were reported on 15q25. It is also important to note that the 15q25 lung cancer susceptibility locus was not replicated in populations of Asian ancestry (19, (22) (23) (24) (25) (26) . More functional studies are needed to find the causal alleles and genes on 15q25.
The two additional lung cancer risk loci identified by genome-wide association studies map to 6p21 and 5p15. The 6p21 locus is a 600 kb region located in the classical class III subregion of the major histocompatibility complex (27) harboring candidate genes for lung cancer including BAG6 (also known as BAT3), APOM, TNXB and MSH5. The 5p15 susceptibility locus is more specifically associated with lung adenocarcinoma (8, 9) and the most strongly associated single nucleotide polymorphisms (SNPs) are located within, or in proximity to, two biologically relevant genes, CLPTM1L and TERT. Further functional studies are needed to identify causal genes and genetic variants in these lung cancer susceptibility loci.
Previous studies suggest that risk alleles on chromosome 15q25 may mediate their effects by modulating the messenger RNA (mRNA) expression levels of the CHRNA5 gene in the brain (28, 29) and lung (30) tissues. We therefore hypothesized that the causal genetic variants for lung cancer on chromosomes 15q25, 6p21 and 5p15 act by modulating the expression levels in the lung of transcripts residing in the same chromosomal regions. To test this hypothesis, we first verified whether the three lung cancer susceptibility loci replicate in a French Canadian population. We then performed a large-scale lung eQTL study in the same population in order to identify SNPs regulating the expression levels of genes residing in the 15q25, 6p21 and 5p15 regions. Significant lung eQTLs were then replicated in two additional European populations.
Materials and methods

Study participants
Blood and non-tumor lung specimens were collected from patients undergoing lung cancer surgery and stored at the 'Institut universitaire de cardiologie et de pneumologie de Québec' site of the Respiratory Health Network Biobank of the 'Fonds de recherche du Québec-Santé' (www.tissuebank.ca). Genotype data and a detailed pathology report were available for 426 patients. Lung volumes, forced expiratory volume in 1 s and forced vital capacity were determined following the American Thoracic Society guidelines (31) preoperatively. Chronic obstructive pulmonary disease was derived from lung function measurements following the recommendations of the Global initiative for chronic Obstructive Lung Disease (32) . Table I shows the clinical characteristics of the subjects. Written informed consent was obtained from all subjects. The study was approved by the local ethics committee.
Genotyping
Genotyping was carried out using the Illumina Human1M-Duo BeadChip. Selected susceptibility loci for lung cancer were checked for Illumina quality score (GenCall), call rate, Hardy-Weinberg equilibrium and minor allele frequency. Among the 426 samples, 420 participants remained in the study after exclusions for (i) genotypic and phenotypic gender mismatch (33) , (ii) patients with outlying average identity-by-state estimates, which indicated possible duplicates and cryptic genetic relatedness (33) , and (iii) population outliers detected by STRUCTURE (34) with HapMap subjects as internal controls.
Control population
Cases were compared with publicly available controls of 3294 Caucasian individuals genotyped on the HumanHap550 genotyping BeadChip. The latter Abbreviations: CI, confidence interval; eQTL, expression quantitative trait loci; LD, linkage disequilibrium; mRNA, messenger RNA; OR, odds ratio; SNP, single nucleotide polymorphism.
were taken from the Illumina® iControlDB. Controls consisted of 1260 males aged 20.9 ± 20.8 and 2034 females aged 32.2 ± 21.5. Among them, 3151 subjects of European ancestry passed the same quality controls described previously and were considered for subsequent analyses. Five out of the seven lung cancer susceptibility SNPs selected in this study were directly genotyped in the control group. MaCH (35) (version 1.0.18) was used for imputation of SNPs (rs16969968 and rs402710) not genotyped in the control group. Reference haplotypes were taken from the 1000 Genome Project, 1000G Interim Phase I Haplotypes (2010-11 data freeze, 2011-06 haplotypes), which are available on the MaCH Web site (http://www.sph.umich.edu/csg/abecasis/MACH/ download/1000G-PhaseI-Interim.html). A two-step imputation procedure was utilized as recommended by the developers including a pre-phasing step using MaCH and an imputation step using minimac.
SNPs selection
Linkage disequilibrium (LD) was calculated for SNPs previously associated with lung cancer in the three susceptibility loci using the genotyping data from the HapMap CEU population. HapMap data covering chromosome 15q25 (78 806-78 909 kb), 5p15 (1286-1343 kb) and 6p21 (31 620-32 065 kb) were downloaded into Haploview 4.1 (36) . Only uncorrelated SNPs (r 2 < 0.8) were selected in this study.
Gene expression in the lung
The lung samples explanted at surgery were examined by an experienced pathologist for clinical diagnosis and staging. For each specimen, a non-neoplastic pulmonary parenchymal sample was harvested from a site distant from the tumor, snap-frozen in liquid nitrogen and stored at −80°C until further processing. Total RNA was extracted using the SV96 Total RNA Isolation System (Promega). Expression profiling was performed using an Affymetrix custom array (see GEO platform GPL10379) and testing 51 562 probe sets. Expression values were extracted using the robust multichip average method (37) as implemented in the Affymetrix Power Tools software. The quality of the arrays was judged using standard quality control parameters (38) . Following quality controls, 409 patients had both genotypes and gene expression levels available for eQTL analyses. The expression data set is accessible through GEO series accession number GSE23546.
Statistical analyses
Genetic association tests were performed using the basic allelic test as implemented in PLINK (20) (version 1.07) comparing allele frequencies between cases and controls. The allele frequencies of cases were compared with 3151 Caucasian controls. Association tests were first conducted on all cases and controls, and then the same analyses were repeated with cases stratified based on the two major histologic types of cancer, namely adenocarcinoma and squamous cell carcinoma. Heterogeneity across histological groups was assessed by using the Cochran Q test. These genetic association tests were performed to replicate robust lung cancer susceptibility loci. Accordingly, P values <0.05 were considered statistically significant.
Robust multichip average expression values were analyzed using the R statistical software. Expression traits were adjusted for age, sex and smoking status using robust residuals obtained with the rlm function in the R statistical package MASS. Residual values deviating from the median by more than three standard deviations were filtered as outliers. Association tests between adjusted expression traits and SNPs were performed using quantitative association tests implemented in PLINK. Significant eQTLs were those passing Bonferroni correction considering the number of SNPs and genes tested in each region.
Replication sets
Significant eQTLs discovered in the French Canadian population were replicated in lung specimens collected at two other sites, namely University of British Columbia, Vancouver, Canada and University of Groningen, The Netherlands. At Vancouver, subjects provided written informed consent and the study was approved by the ethics committees at the UBC-Providence Health Care Research Institute Ethics Board. At Groningen, the study protocol was consistent with the Research Code of the University Medical Center Groningen and Dutch national ethical and professional guidelines ('Code of conduct; Dutch federation of Biomedical Scientific Societies'; http://www.federa.org). Whole-genome gene expression profiling and genotyping were carried out with the same arrays described previously. Quality controls and eQTL analyses were conducted as described previously. The final analyses were performed with 339 and 363 lung specimens from UBC and Groningen, respectively. Supplementary Table 1 , available at Carcinogenesis Online, shows the clinical characteristics of the replication sets.
Results
Study participants
A total of 420 subjects passed genotyping quality controls (Table I) . Subjects were afflicted with various types of cancer, but mostly adenocarcinoma (n = 240) and squamous cell carcinoma (n = 108). The data set included 37 never smokers, 289 former smokers and 94 current smokers. As expected, adenocarcinoma was more prominent among never smokers compared with squamous cell carcinoma. Chronic obstructive pulmonary disease was present in 56.5% of subjects. Supplementary Figure 1 , available at Carcinogenesis Online, shows the LD plots for SNPs previously associated with lung cancer on chromosomes 15q25, 5p15 and 6p21. Seven uncorrelated SNPs were selected for replication (Supplementary Table 2 , available at Carcinogenesis Online). rs8034191 on 15q25 was also included as it was directly genotyped in both cases and controls. rs402710, missing in the latest release of HapMap (HapMap 3 Release 3), had r 2 values ranging from 0.04 to 0.68 with other lung cancer-associated SNPs on 5p15 in an older version of HapMap (version 2, release 21 January 2007). All SNPs are intronic or intergenic except one coding non-synonymous variant located in exon 5 of the CHRNA5 gene (rs16969968, D398N). The characteristics of the SNPs are shown in Supplementary Table 3, available at Carcinogenesis Online. High genotyping quality scores (GenCall) and call rates were observed. Minor allele frequencies were similar to the HapMap CEU population and all SNPs were in Hardy-Weinberg equilibrium.
SNP selection and genotyping
Genetic association
The two uncorrelated SNPs on chromosome 15q (rs16969968 and rs8042374, r 2 = 0.15) were associated with lung cancer (Table II) . rs16969968 was the most significant SNP in this study. Analyses by histological types revealed that the two chromosome 15q loci were associated with both adenocarcinoma and squamous cell carcinoma (P = 0.0001 and 0.007, respectively). For rs16969968, the minor allele (A) was associated with an increased risk of lung cancer [odds ratio (OR) = 1.38, 95% confidence interval (CI) = 1.19-1.60]. It should be noted that rs16969968 was imputed in the control population. To validate the results, we have tested a second SNP (rs8034191) in LD with rs16969968 (r 2 = 0.9) and genotyped in both cases and controls. As expected, the results for rs8034191 were similar to rs16969968, with minor allele (C) associated with an increased risk of lung cancer (OR = 1.42, 95% CI = 1.22-1.64; Table II ). For rs8042374, the minor allele (G) was associated with a decreased risk of lung cancer (OR = 0.78, 95% CI = 0.65-0.93).
None of the four SNPs on chromosome 5p15 were significantly associated with lung cancer of all cell types (Table II) . Analyses by histology revealed that rs2736100 was associated with adenocarcinoma (P = 0.004, OR = 0.76, 95% CI = 0.63-0.92). More specifically, the minor allele (T) decreased the risk of adenocarcinoma. rs3131379 on chromosome 6p21 was associated with lung cancer (P = 0.032, OR = 0.74, 95% CI = 0.57-0.98, Table II ). The minor allele (T) was associated with lowered risk. This SNP was not associated with adenocarcinoma or squamous cell carcinoma independently.
eQTL analyses
Five genes (IREB2, PSMA4, CHRNA5, CHRNA3, and CHRNB4) found in the 15q25 locus were tested for lung eQTLs. The 223 kb region (chromosome 15: 78 720 517-78 943 587; build 37) covering these genes including 10 kb downstream of the IREB2 gene and 10 kb upstream of the CHRNB4 gene was analyzed. A total of 66 SNPs were genotyped in this region. A Bonferroni P value threshold was set to 1.52 × 10 -4 for this region (5 genes × 66 SNPs = 330 tests). Figure 1 shows the association results for the 5 genes and 66 SNPs in the 15q25 region. Strong eQTLs regulating the expression levels of CHRNA5 and PSMA4 were observed in this region. Supplementary Table 4 , available at Carcinogenesis Online, shows all gene-SNP combination results. Figure 2 shows the expression levels of CHRNA5 in the lung for the 409 patients according to the genotypes for SNPs rs16969968 (D398N, previously associated with lung cancer; P = 2.83 × 10 -13 ), rs12907966 (the strongest lung eQTL SNP; P = 2.23 × 10 -22 ) and rs8034191 (the strongest SNP associated with lung cancer in this study; P = 2.73 × 10 -14 ). Risk alleles for lung cancer were associated with lower expression of CHRNA5. Although less significant, cis-acting variants were also found to regulate the mRNA levels of CHRNA3 (Figure 1) . rs8042374, associated with lung cancer (Table   II) was associated with the expression levels of CHRNA3 (P = 1.35 × 10 -5 ). In this case, the minor allele (G) lowered the risk of lung cancer and was associated with higher mRNA CHRNA3 levels. eQTLs analyses were also performed for the 6p21 and 5p15 loci. For the 6p21 locus, a 490 kb region (chromosome 6: 31 596 804-32 087 151; build 37) covering 10 kb downstream of the BAG6 gene and 10 kb upstream of the TNXB gene were analyzed. This region was typed by 422 SNPs and tested for four candidate genes (BAG6, APOM, TNXB and MSH5). A Bonferroni P value threshold was set to 2.96 × 10 -5 for this region (4 genes × 422 SNPs = 1688 tests). Figure 3 shows the eQTL results of the 6p21 locus. One SNP (rs405722) was significantly associated with expression levels of MSH5 (P = 2.02 × 10 -5 ). The SNP associated with lung cancer on 6p21, rs3131379 (Table II) , was associated with the expression levels of APOM (P = 3.58 × 10 -4 ), but this was not significant after correction for multiple testing. The risk allele for lung cancer (C) was associated with higher mRNA expression of APOM ( Figure 4A ). rs3131379 and rs405722 were in complete equilibrium (r 2 = 0). We also calculated lung eQTLs for other genes located on 6p21 (Supplementary Figure 2, available at Carcinogenesis Online). New eQTLs were identified, but eQTLSNPs were not correlated with lung cancer-associated SNPs.
For the 5p15 locus, a 112 kb region (chromosome 5: 1 243 286-1 355 002; build 37) covering 10 kb downstream of the TERT gene and 10 kb upstream of the CLPTM1L gene was analyzed. This region was typed by 46 SNPs and harbored two genes. Supplementary Figure 3 , available at Carcinogenesis Online, shows the eQTL results of the 5p15 locus. No SNP was significantly associated with the expression levels of the TERT and CLPTM1L genes following Bonferroni correction. The strongest eQTL was found for SNP rs2853672 and the expression levels of CLPTM1L (P = 0.0015). Supplementary Tables 5 and 6, available at Carcinogenesis Online, show all gene-SNP combination results for the 6p21 and 5p15 loci, respectively.
Replication sets
The most significant eQTLs in the three lung cancer susceptibility loci were followed-up in two replication sets. On 15q25, the association In LD with rs16969968 (r 2 = 0.9), but directly assayed (not imputed) in cases and controls.
between CHRNA5 and rs16969968 was strongly replicated in the two data sets (Supplementary Figure 4 , available at Carcinogenesis Online). Consistent with the French Canadian population, the expression levels of CHRNA5 decrease with the number of risk (A) alleles. The most significant eQTL observed on 15q25 in the French Canadian population (CHRNA5-rs12907966) was also strongly replicated (Supplementary Figure 5 , available at Carcinogenesis Online). The association between the strongest SNP associated with lung cancer in this study (rs8034191) and CHRNA5 was also confirmed (Supplementary Figure 6 , available at Carcinogenesis Online). In contrast, the eQTL CHRNA3-rs8042374 was not significant in the replication sets (Supplementary Figure 7 , available at Carcinogenesis Online). On 6p21, the MSH5-rs405722 eQTL observed in the French Canadian population was validated in the Groningen data set (P = 0.01), but not in the UBC data set (Supplementary Figure 8 , available at Carcinogenesis Online). The orientation of effect was similar in the three populations. The SNP associated with lung cancer on 6p21 (rs3131379) and the expression of APOM was also followedup. Figure 4 shows that this eQTL was strongly validated in the two replication sets. The strongest eQTL on 5p15 in the French Canadian cohort, CLPTM1L-rs2853672, was not supported in the replication sets (Supplementary Figure 9 , available at Carcinogenesis Online).
Discussion
This study provides further evidence that genetic variants at 15q25, 5p15, and 6p21 are associated with the risk of lung cancer. ORs of similar magnitude were observed in this French Canadian population compared with previous studies in Caucasians. Most importantly, we have identified cis-acting polymorphisms affecting the expression levels of CHRNA5 in the lung that may explain, at least partly, the molecular mechanism underpinning the risk of lung cancer on chromosome 15q25. We also provided evidence that the SNP associated with lung cancer on 6p21 (rs3131379) acts by modulating the expression levels of APOM in the lung.
The most compelling genetic association with lung cancer was observed on chromosome 15q with a non-synonymous variant (rs16969968, D398N) located in exon 5 of the CHRNA5 gene. The minor allele (here typed as A) was linked to increased risk of lung cancer, which is consistent with previous studies (2) (3) (4) . In other studies, this allele was also shown to increase the risk of nicotine dependency (39) (40) (41) . A previous in vitro functional study demonstrated that the nicotinic receptors containing the minor allele (N398) exhibit reduced response to a specific nicotinic agonist (40) suggesting a functional role for this missense mutation. Wang et al. (28) measured gene expression levels by real-time PCR in 104 brain samples from individuals of European descent and showed strong evidence of association between mRNA expression levels of CHRNA5 and polymorphisms located 5ʹ of or within this gene. However, the variants strongly associated with CHRNA5 mRNA expression were not the same as those strongly associated with lung cancer. Accordingly it is not clear from this study whether high or low expression of CHRNA5 in the brain increase the risk of lung cancer. Complex molecular mechanisms may explain these observations. Alternatively, the brain might not be the most relevant tissues to assess molecular mechanisms underlying the risk of lung cancer on chromosome 15q25 locus. In this study, we investigated lung tissue and showed that the risk alleles for lung cancer were associated with lower expression of CHRNA5. The risk allele at rs16969968 (A, coding for N398) was associated with both lung cancer and lower expression of CHRNA5 in the lung. Interestingly, our results confirm those obtained by Falvella et al. (30) , who observed decreasing mRNA CHRNA5 levels with increasing dosage of the A allele at rs16969968 in 69 non-tumor lung samples from patients who had adenocarcinoma. Together, these observations suggested that this non-synonymous polymorphism (rs16969968, D398N) located in exon 5 of the CHRNA5 gene may confer susceptibility to lung cancer through regulation of CHRNA5 in the lung. However, this study revealed additional eQTL-SNPs most strongly associated with mRNA expression levels of CHRNA5 in the lung. rs12907966 in the promoter region of CHRNA5 located nearly 15 kb from the transcriptional start site of that gene was the most significant SNP associated with CHRNA5 (see Supplementary Figure  5 , available at Carcinogenesis Online). Accordingly, our study further refines the causal SNP(s) associated with lung cancer on 15q25. Additional functional studies are warranted.
The SNP associated with lung cancer on 6p21 (rs3131379 and  Table II ) was more strongly associated with the expression of APOM. Although borderline significant in the French Canadian set (P = 0.0004), the effect of this SNP on APOM mRNA levels was validated in the two replication sets (Figure 4 ). This provides suggestive evidence that the risk allele on 6p21 acts by modulating the expression levels of APOM in the lung. This gene encoded apolipoprotein M involved in the transport of lipids and its potential role in lung cancer remains to be determined. SNPs flanking the APOM gene were recently associated with lung function and emphysema (42) . The 6p21 region contains many genes and more detailed functional evaluation and validation will be required to identify the causal gene/variant at this locus.
Our replication analyses further support that the risk conferred by the 5p15 locus differs across histological subtypes of lung cancer. We observed a significant association at 5p15 (rs2736100) with adenocarcinoma, but not with all lung cancers or with squamous cell carcinoma. The stronger association with adenocarcinoma is consistent with previous studies (8, 9) . rs2736100 is located in intron 2 of the TERT gene. TERT encodes the enzyme telomerase reverse transcriptase that is potentially implicated in lung tumorigenesis by maintaining telomeres length (43) . How this intronic variant affects TERT function and in turn predisposes to lung adenocarcinoma is unknown. Telomere length in peripheral white blood cells was recently associated with lung cancer in a cohort of Asian females (44) . The allele G of rs2736100 was associated with longer telomere length, but further studies are needed to validate this finding. In this study as well as in previous large-scale genetic association studies on lung cancer (10, 19, 45) , the G allele was associated with higher risk of lung cancer (Supplementary Table  7 , available at Carcinogenesis Online). In this study, no SNP in the 5p15 locus were found to affect the expression of TERT in the lung. A trend was observed for SNPs within the TERT gene to influence the mRNA expression levels of CLPTM1L in the French Canadian cohort (Supplementary Figure 9 , available at Carcinogenesis Online), but this was not supported in two replication sets. More functional studies will be required to identify the most likely causal gene in this region.
In conclusion, we have replicated three susceptibility loci for lung cancer in a French Canadian population. Confirmation of these risk loci suggests that functional studies in French Canadian patients are valuable and likely relevant for other Caucasian populations as well. We thus conducted a lung eQTL study to improve our molecular understanding underpinning the association between lung cancer development and the three replicated loci. We strongly confirmed that risk alleles for lung cancer on 15q25 modulate the mRNA expression levels of CHRNA5 in the lung. A disease-associated genetic variant regulating mRNA expression levels of APOM residing at 6p21 was also identified in this study. The role of this gene in lung cancer development is unknown. In contrast, SNPs located on 5p15 were not found to regulate the expression levels of known candidate genes for lung cancer (i.e. CLPTM1L and TERT) in this region. Together, these results are an important step forward to understand the underlying biology of the most consistent susceptibility loci for lung cancer. Supplementary Figures 1-9 and Tables 1-7 
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